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NATIONAL ADVISORY C O M M I m  FOR AERONAUTICS 

RESEARCH MEMORANDUM 

A CORRELATION BY MEANS O F  TRANSONIC SIMILARITY RULFS 

OF THE EXpER1MENTAI;LY DETERMINED CHARACTERISTICS 

OF 18 CAMBERED WINGS OF REZTANGULAR PLAN FORM 

By John B. McDevitt 

SUMMARY 

The effects of one type of camber on the aerodynamic character- 
istics of rectangular wings have been studied by correlating the experi- 
mental data for a series of related wings by means of the transonic 
similarity rules. 
transonic bump over a Mach number range from 0.60 t o  1.10, with corre- 
sponding Reynolds numbers from 1.70 to 2.05 million. 
were rectangular in plan form; had NACA 63A2XX and 63A4XX sections; 
thickness-to-chord ratios of 0.04, 0.06, and 0.08; and aspect ratios 
of 1, 1.5, 2, 3, and 4. 
lation study for similar wings having symmetrical profiles, NACA 63AOXX 
sections, have been included in this report and are used as a basis for 
comparing the effects of changes in camber. 

The experimentaldata.were obtained by use of a 

The wing models 

The results of a previously published corre- 

The results of this correlation study indicate that the subsonic 
and transonic characteristics of cambered, rectangular wings of moderate 
to low aspect ratio vary smoothly with changes in profile camber and 
camber-to-thickness ratio. By use of the transonic similarity rulea the 
experimental data for a wide range of Mach numbers and wing geometric 
variables have been presented in the form of a few concise figures which 
correlate the subsonic and transonic characteristics of rectangular wings 
having NACA 63AxXX airfoils with a = 0.8 mean lines. 

INTRODUCTION 

The transonic bump of the Ames 16-foot high-speed wind tunnel has 
been used for a survey of the effects of aspect ratio, thickness, and 
camber for wings of rectangular plan form at high subsonic and transonic 
speeds. 

I 
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The first part of this experimental survey covered a systematic 
variation of wing thickness and aspect ratio. The data for this portion 
of the survey have been published in reference 1 and an analysis, by 
application of the transonic similarity rules, has been published in 
reference 2. The next part of this survey was conducted to determine 
the effects of one type of camber on the transonic characteristics of 
rectangular wings. 
reference 3, and an analysis of some of these data will be made in this 
report. 

The data for the cambered-wing series are given in 

A s  in reference 2, the present analysis will make extensive use of 
These rules of flow the transonic similarity rules, references 4 to 9. 

correspondence are particularly useful since they provide a unified 
method of data presentation which is applicable at all speeds. 

NOTATION 

b aspect ratio, - 
C 

A 

b wing span 

C wing chord 

total drag total drag coefficient, 

intercept drag coefficient for a linear variation of 
CD qs 

‘Dint CD with C L ~  (See sketch (b) .) 

intercept pressure-drag coefficient for a linear variation 
(CDp)int of CD with C L ~  (See sketch (b) .) 

ACD drag coefficient due to lift, CD - C D ~ ~ ~  
lift CL lift coefficient, - 
qs 

CLopt drag ratio) 

cm 

optimum lift coefficient (lift coefficient for maximum lift- 

pitching-moment coefficient, referred to 0.25 c, pitching moment 

pressure coefficient 

camber, maximum displacement of profile mean line from chord 

qsc 

cP 
h 

line (See sketch (a) .) 

camber-to-thickness ratio h 
t 
- 
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. 

maximum lift-drag ratio 

free-stream Mach number 

dynamic pressure 

wing area 

thickness-to-chord ratio 

angle of 

angle of 

ratio of 

attack 

attack for zero lift 

specific heats (for air y = 1.4) 

center of lift, measured in percent of chord from the wing 
leading edge (See eqs. (17) and (18). ) 

ordinate-amplitude parameter 

slope of lift curve 

slope of pitching-moment curve 

TEST PROCEDURE AND DESCRIPTION OF MODELS 

The experimental data for the symmetrical wings (ref. 1) and for 
the cambered wings (ref. 3) were obtained by identical testing procedures. 
The semispan wing models were mounted in the high-velocity field of a 
bump in the Ames 16-foot high-speed wind tunnel. 
flow over the bump were slightly curved, and there were Mach number 
gradients in the plane of the wing. 
presented in references 1 and 3. 
the higher Mach numbers and had the greatest effect for the larger aspect 
ratios. 
in general, unknown, but some rounding off of any sharp breaks in the 
force and moment variation with Mach number can be expected. 

The streamlines of the 

Typical Mach number contours are 
The gradients were most pronounced at 

The precise effects of the nonuniformity of the flow field are, 

The wings tested were rectangular in plan form with NACA 63A-series 
The cambered wings had NACA 63~2xx and 63A4XX sections (figs. 1 and 2). 

sections with an ( A  discussion of this 
modified mean line is given in ref. 10.) 
obtained for a Mach number range from 0.60 to 1.10, which corresponded 

a = 0.8 (modified) mean line. 
The cambered-wing data were 
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to a Reynolds number range from 1.70 to 2.05 million. 
description of the wing models and the testing procedure is given in 
references 1 and 3 .  

A more complete 

DATA CORRELATION 

The data correlation will be made according to the same simplified 
form of the transonic similarity rule as used in reference 2, 

where the ordinate-amplitude parameter T may be replaced by a, t/c, 
or h/c, a8 best suits the particular problem at hand. The variations 
between Mach number, aspect ratio, and thickness ratio implied by the 
constancy of the two similarity parameters ($-l)/( t/c)2/3 and A( t/c)lI3 
are shown in figure 3. 

In order that the transonic similarity rules can be used in the data 
analysis, the wings have been grouped into families according to the 
value of the camber-to-thickness ratio h/t. The camber parameter h 
represents the amount of camber and is defined as the maximum displace- 
ment of the mean line from the chord line (see sketch (a) ) .  

mean line 

I chord line - 
Sketch (a) . - Wing-profile nomenclature 

Not all the cambered wings tested (ref. 3) have been used for the 
correlation study of this report. Profiles having h/t ratios greater 
than 0.5, for which the lower surfaces are concave along a major portion 
of the chord, were excluded from consideration. Also excluded from con- 
sideration were those wings having thickness-to-chord ratios of 0.02 
and 0.10 since it was known from the previous correlation study of the 
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I 

' .' 

b 

t/c h/c Aspect ratios NACA '1% profile 

I C  

, 

0.222 63206 0.06 0.0133 4, 3, 2, 1.5, 1 

631204 .04 .oi33 4, 3, 2, 1.5, 1 

63408 .08 -0266 4, 2, 1 
0333 

. .444 63406 .06 .0266 4, 3, 2, 1.5, 1 

. 
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symmetrical wings (ref. 2) that these thicknesses do not fit well into 
the correlation scheme. 
known to constitute an appreciable part of the effective wing thickness, 
while for wings of large thickness the simplified potential equation 
from which the similarity rules are obtained is apparently not adequate. 

For very thin wings the boundary layer is 

The cambered wings chosen for the data correlation have been grouped 
into three families for which the camber-to-thickness ratios 
are 0.222, 0.333, and 0.444. 
table: 

h/t 
These airfoils are listed in the following 

The results of the symmetrical-wing correlation (h/t = 0) in 
reference 2 are also presented in this report and are used as a basis 
for determining the effects of this type of camber on the transonic 
characteristics of rectangular wings. 

Lift 

The lift correlation is presented as separate studies of the lift- 
curve slope and of the displacement of the lift curve due to the 
presence of camber. 
variation of lift coefficient with angle of attack is essentially linear 
at moderate angles of attack throughout the Mach number range, hence, it 
is convenient to assume a linear variation of 
the data correlation the following generalized expression for lift-curve 
slope (see ref. 2): 

For the wings considered in this report, the 

CL with a and to use in 

b 
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The displacement of the lift curve can be studied by use of either 
the generalized expression for the angle of attack for zero lift 

or the generalized expression for the lift coefficient at zero angle of 
attack 

Angle of attack for zero lift.- The variation of‘ the angle of attack 
for zero lift, 
correlation of these data for constant values of (#-l)/(t/~)~l~ 
presented in figure 5. 
for zero lift is particularly sensitive to model construction details, 
tunnel flow characteristics and the accuracy of measurements, making 
this a difficult parameter to correlate. 

s, with Mach number is presented in figure 4, and the 
is 

It should be recognized that the angle of attack 

Since the parameter m/(h/c) did not show a systematic dependence 
on the value of the camber-to-thickness ratio 
various camber-to-thickness families have been grouped together in the 
correlation and a single curve has been drawn through the data points. 
The correlation is cross-plotted for constant values of in 
figure 6. 

h/t, all the wings of the 

A( t / ~ ) ~ / ~  

For Mach numbers less than the critical (which occurs in the 
neighborhood of ($-l)/(t/~)~/~ = -2) the angle of attack for zero lift 
shows little change with changes in Mach number, and the experimental 
values of for wings of large aspect ratio are closely predicted by 
two-dimensional f low theory.’ When the critical Mach number is exceeded, 
the changes occurring with increasing Mach number are sudden and quite 
large for all but the very low aspect ratios which are characteristically 
insensitive to changes in the Mach number. 

. 

Lift-curve slope.- The variation of the lift-curve slope, evaluated 
at 
of the generalized lift-curve slope (t/c)II3 (dCL/du)a = 0 for constant 
(~%)/(t/c)~’~ is presented in figure 8. The correlation is presented 
separately for each camber-to-thickness family since the lift-curve slope 
appeared to depend on the camber-to-thickness ratio at transonic speeds 
for wings of large aspect ratio. 
’The theoretical value shown in figures 4, 5 ,  and 6 was calculated by use 

a = 0, with Mach number is presented in figure 7, and the correlation 

of the 
and equation (16) of reference 11. 

a = 0.8 (modified) mean-line data of figure 3, reference 10, 
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In figure 8 the experimental data for subsonic speeds are compared 
with the Weissinger lifting-line theory (ref. 12) , and at supersonic 
speeds a comparison is made with slender-wing theory (refs. 13 and 14). 
At M = 1 both theories give the sane result 

CL = - %a 
2 

or, in the similarity scheme, 

( 5 )  . 

At 
good agreement with equation (6) for values of 
about 1, and for the cambered profiles the agreement extends over a 
considerably larger range of A( t/c)lI3 values. 

M = 1 the experimental data for the symmetrical profiles are in 
less than A(t/c)lI3 

The correlation is cross-plotted in figure 9 for constant values of 
h/t and A(t/c)lI3. 
slope at subcritical speeds nor for the wings of low aspect ratio 
(A(t/c)’I3 less than about 1) at transonic speeds. 
aspect ratio at transonic speeds the lift-curve slope appeared to 
increase with increasing h/t . 

Camber has no appreciable effect on the lift-curve 

For wings of larger 

Drag 

c 

into 
lift, 

Whenever possible it is convenient to separate the drag coefficient 
components of friction drag, minimum pressure drag, and drag due to 

For wings having symmetrical profiles it is often assumed that the 
friction drag at transonic speeds can be approximated by the minimum 
drag at some subcritical Mach number, say at 0.7. 
however, cannot be correlated by application of the transonic similarity 
rules. 

The friction drag, 

When the wing is cambered it is difficult to separate the drag into 
components according to equation (7); in particular, it is difficult to 
obtain a m i n i m  pressure drag which is free from induced drag effects. 
A drag analysis of cambered-wing data is complicated fbther by th.e 
large changes in viscous effects which may occur as the lift changes from 
positive to negative. 
pressure drag if the transonic similarity rule is to be applied. 
way, which is based on a number of approximations, to separate the 
viscous effects from the pressure drag is the following: 

These viscous effects must be separated from the 
One 
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Linear variations of CD with C L ~  and CL with a are assumed and 
the drag data at very small lift coefficients and at lift coefficients 
greater than the optimum are ignored. 
defined according to the following sketch: 

The drag components are then 

Sketch (b) . - Drag nomenclature. 
A straight line is drawn as far as possible through the 

data points and the intercept of this straight line with the zero-lift 
axis is then used to define an intercept drag coefficient The 
intercept pressure drag is defined as 

CD vs C L ~  

CDint. 

and the slope of the straight-line apgroximation &D/CL~ 
in the data correlation as a measure of the drag due to lift. 

will be used 

The intercept drag coefficient C D ~ ~ ~ ,  as defined here, is a fic- 
titious minimum-drag coefficient and the actual minimum-drag coefficient 
is somewhat higher. However, this method of analysis has been found to 
give a good correlation of the experimental data, except in the vicinity 
of the critical Mach number, when the similarity parameters are used. 
A comparison of the cambered-wing data with the symmetrical-wing data 
has indicated a smooth dependence of the intercept pressure drag and 
the drag due to lift on the value of the camber-to-thickness ratio h/t. 

The experimental drag data for the cambered wings being studied in 
this report are presented in figure 10 in the form CD versus cL2. 

. 
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The straight-line approximations extend in all cases at least up to 
the lift coefficient for (L/D)-. 
number for these wings is presented i n  figure 11. 

The variation of CDint with Mach 

Intercept drag at 0.7 Mach number.- Before the correlation of the 
intercept pressure drag can be made,it is necessary to evaluate the 
subcritical intercept drag (at 0.7 Mach number) for use in equation (8). 
The variation of (cDint) 

(The subcritical intercept drag for cambered wings may be thought of as 
corresponding to the friction drag of symmetrical wings,) 

with camber ratio is shown in figure 12. M = 0.7 

Intercept pressure drag. - The intercept pressure drag, equation (8), 
can be correlated by use of the similarity rule 

(‘*) int = D  [ A (:)’I3, :] ( 9 )  
(t/c) 5/3 (t/c, 2N 

The correlation is presented in figure 13 and compared with the results 
of the synnnetrical-wing-data correlation (dashed lines) of reference 2. 
The transonic similarity rule, at least in the simplified form used here, 
does not correlate accurately the initial (subsonic) drag rise but the 
correlation is good near M = 1 where the drag rise is greatestO2 

The correlation indicates that the intercept pressure drag increased 
smoothly with increasing camber-to-thickness ratio. For moderate aspect 
’In the literature concerning transonic flow theory various forms of the 
similarity rules have been given (refs. 4 to 9 ) .  All are equivalent 
at a Mach number of lbut differ slightly at the nonsonic Mach numbers 
according to the assumptions made in obtaining the fundamental equa- 
tions. 
better correlation of experimental data in the vicinity of the critical 
Mach number is (ref. 4) 

A form of the similarity rule which can be expected to give a 

The simplified form used in this report, (eq. (1)) has certain advan- 
tages, however, not only because of the relative simplicity of the 
invariants but because the particular invariant A( t/c) li3 contains 
on ly  geometric parameters. 
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ratios 
camber 
camber 

the increase in drag coefficient is roughly proportional to the 
ratio squared. As the aspect ratio becomes very small, the 
effect tends to disappear, while for very large aspect ratios 

the generalized coefficients ( CDP) int/( t/c) 5/3 apparently approach 
constant values which increase with increasing h/t . Data, however, 
were not available for sufficiently large aspect ratios to assess 
accurately the camber effect for two-dimensional flow. 

This correlation is cross-plotted in figure 14 for constant values 
of A(t/c)lI3 and h/t. 
the drag rise is indicated by dashed lines. When the wings were sym- 
metrical in profile, the drag rise started at very nearly the same value 
of the speed parameter ($-l)/(t/~)~/~, that is, a decrease in the 
aspect ratio caused only a slight delay in the start of the drag rise. 
However, fo r  increased camber-to-thickness ratio the drag rise started 
at a much lower Mach number and the aspect-ratio effect was pronounced. 

The region of poor correlation at the start of 

/ 

Drag due to lift,- The drag-due-to-lift parameter ACD/CL~ is 
evaluated from the slopes of the straight-line approximations (solid 
lines) of the CD vs C L ~  curves of figure 10. The variation of 
ED/CL~ 
been correlated in figure 16 according to the similarity rule 

with Mach number is shown in figure 15, and these data have 

and the results of this correlation are cross-plotted in figure 17. 

The dashed lines in figure 16 represent the limits for drag with 
The full leading-edge suction and drag with no leading-edge suction. 

theoretical drag due to lift with full leading-edge suction is (when an 
elliptical spanwise variation of loading is assumed) 

and for no leading-edge suction the following approximate relationship 
can be used: 
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In terms of the similarity parameters these 

/t. \ -‘I3 a n  

e quat ions be come 

- 

Numerical values for (~/c)’/~CL, are presented in figure 9. 

The concept of a leading-edge force is not easily adapted to a 
discussion of experimental data because of the many factors involved. 
In addition to the changes in flow separation and in the boundary-layer 
development with changing angle of attack, there are other factors such 
as the interaction of shock waves with the boundary layer that lead t o  
departures of the drag polars from the parabolic shape. However, equa- 
tions (13) and (14) are helpful in evaluating the effects of changes in 
Mach number, aspect ratio, thickness ratio, and camber ratio. 

As evidenced by the correlation shown in figure 16, the drag due to 
lift seems to decrease consistently with increasing camber-to-thickness 
ratio throughout the entire Mach number range for the wings of moderate 
to low aspect ratio (A(t/c)lI3 less than about 1.5). 

Moment 

The pitching-moment characteristics are analyzed in two parts: the 
evaluation of pitching moment at zero angle of attack, or at zero lift, 
and the variation of pitching moment with angle of attack. 

Pitching moment for zero angle of attack.- The variation of 
pitching-moment coefficient with Mach number for zero angle 
shown in figure 18. 
larity rule 

The correlation of this data according 
of attack is 
to the simi- 

is presented in fi e 19 and the results are cross-plotted 
values of A(t/c)l $“ in figure 20. 

for constant 



Throughout the correlation the generalized parameter 

is essentially independent of the camber-to-thickness 
ratio h/t. Therefore, the zero-angle-of -attack moment (Cm),o can be 

considered to be linearly proportional to the camber ratio h/c 
out the speed range. The variation of with changes in aspect 
ratio and Mach number is pronounced, in particular, the wings of large 
aspect ratio undergo large moment changes on entering the transonic 
speed range. 

(t/C)1/3 
'h/c (cm),l,o 

through- 

Pitching moment for zero lift.- The pitching moment for zero lift 
is considered to be a couple. The correlation of the data for the 
generalized pitching-moment coefficient is presented in figures 21 
and 22. The results here are essentially the same as those discussed in 
the previous section. 

Pitching-moment-curve slope.- The moment-curve slope is expressed 
i symbolically in the similarity scheme as 

Because the variation of pitching moment with lift is nonlinear except 
for wings of large aspect ratio, the following correlation has been made 
for several constant values of a/(t/c) . 

The variation of dCm/dCL with Mach number for u/(t/c) = 0 is 
presented in figure 23 and the corresponding correlation in figure 24. 
Curves for constant A(t/c)ll3 are shown in figure 25 for a/<t/c) = 0 
and for 

I 

a/(t/c) = 1 and 2. 

The effects of Mach number on the moment-curve slope are pronounced 

of very low aspect ratio which are relatively insensitive to Mach number 
changes. 
changed from a slightly positive value at subcritical speeds to a large 
negative value at transonic speeds. 

I for these wings of rectangular plan form, except, of course, those wings 

For all wings except those of very low aspect ratio, dCm/dCL 

Center-of-lift travel.- The trim changes associated with flight 
into the transonic speed range depend on changes in the zero-lift 
moment and on changes in the additional moment that occur for finite 

viously. 
evaluated by studying the position of the wing center of lift at various 
speeds. 

I lift. The changes in the zero-lift moment have been discussed pre- 
The trim changes occurring at finite lift are most easily 
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The center of lift is defined by the equation 
Ern = 0.25 - - 
CL 

The moment is referred to the quarter point of the chord, the center of 
lift is measured from the wing leading edge and given in percent of 
chord, and the moment due to lift is defined as 

Cross plots indicating the center-of-lift travel are presented in 
figure 26. The center of lift is shown to move progressively toward the 
leading edge as the aspect ratio goes to zero. 
with the various low-aspect-ratio theories which find the center of 
pressure located at the leading edge for rectangular plan forms. When 
the aspect ratio is large (greater than about 3) the center of lift is 
near the quarter point of the chord at subcritical speeds but moves 
rapidly rearward toward midchord at transonic speeds. 
the camber-to-thickness ratio 
of lift at supercritical speeds is increased further. 

This is in agreement 

By increasing 
h/t, this rearward movement of the center 

Maximum Lift-Drag Ratio and Optimum Lift Coefficient 

Maximum lift-drag ratio.- The variation of the maximum lift-drag 
ratio with Mach number is shown in figure 27 for the symmetrical and 
cambered wings having aspect ratios from 1 to 4. 
the variations of (L/D)max with changes in aspect ratio, thickness 
ratio, and camber ratio can be obtained by the help of the equation 

Some understanding of 

where it has been assumed that LED varies linearly with CL~. In 
terms of the transonic similarity parameters and the quantities intro- 
duced in sketch (b), this equation becomes 
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Because the subcritical intercept drag cannot be taken into the 
similarity scheme, a generalized expression for (L/D),, cannot be 
obtained. However, the results of previous correlations for intercept 
pressure drag and drag due to lift can be used to obtain an indication 
of the expected variations of (L/D)max 
thickness ratio, and camber ratio. The following discussi.on is 
restricted to near-sonic values of the Mach number. 

for changes in aspect ratio, 

The correlation for the symmetrical wings (ref. 2) at near-sonic 
Mach numbers shows that for decreasing aspect ratios, the drag-due-to- 
lift parameter (t/c)-''" (ED/CL') increases in nearly the same manner 
as the minimum pressure-drag parameter (CD~) /( t/c) 5/3 decreases so 

that the maximum lift-drag ratio is relatively insensitive to aspect- 
ratio changes but tends toward an inverse variation with the thickness 
ratio (see eq. ( 2 0 )  ) . 

min 

An inspection of the data for the cambered-wing correlation in this 
report at near-sonic speeds shows that for increasing camber-to-thickness 
ratio, the drag due to lift decreases while the intercept pressure drag 
increases. Because of the opposite effect of these two variations, it 
could be expected that (L/D)max would not change greatly with changes 
in h/t. 

Although the similarity rule does not apply, it is instructive to 
present the maximum lift-drag data in terms of the camber-to-thickness 
ratio h/t. 
free-stream Mach number. For wings of moderately low aspect ratio 
(aspect ratios from about 1 to about 3) ,  the effect of adding a small 
amount of camber is to increase slightly the maximum lift-drag ratio. 
It is difficult to say what value of is optimum but, apparently 
(excluding the very thin wing, t/c = 0.02, for which the boundary layer 
is a significant part of the wing effective thickness), the optimum 
occurs near h/t = 0.25 with the most beneficial effect for aspect 
ratios near 2. 

This has been done in figure 28 for the sonic value of the 

h/t 

Optimum lift coefficient.- The variation of the optimum lift coef- 
If a ficient, CL for (L/D)max, with Mach number is shown in figure 29. 

linear variation of 
ficient is given by 

XD with CL' is assumed, the optimum lift coef- 
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or, in terms of the similarity parameters and the drag nomemclature of 
sketch (b), 

By inspection of equation (22) it is readily seen that by increasing 
any of the parameters, aspect ratio, thickness ratio, or camber-to- 
thickness ratio, an increase in 
evidence indicates that the most pronounced changes occur at transonic 
speeds where the minimum drag changes are large. 

can be expected. The experimental QJopt 

C ONC LUDING REMARKS 

It was found that the camber effects at transonic speeds for 
rectangular plan forms can, in most cases, be correlated successfully 
with the help of the transonic similarity rules. By use of the 
transonic similarity rules the experimental data for a wide range of 
Mach numbers and wing geometric variables have been presented in the 
form of a few concise figures which correlate the subsonic and transonic 
characteristics of rectangular wings having NACA 63-series sections 
with a = 0.8 mean lines. 

Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Moffett Field, Calif ., July 31, 1953 
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All dimensions in feet. - 
Figure /.-Dimensions and plan forms of the mode/. 
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NACA 6 3 A 2 0 6 ;  n/ t ,  0.222 

NACA 6 3 A 2 0 4 ;  '/,, 0.333 

NACA 6 3 A 4 0 8 ;  h/t, 0 . 3 3 3  

NACA 6 3 A 4 0 6 ;  !$, 0.444 

Figure 2.-Profi/e o f  the wings. 



L 

NACA RM A53G31 



20 NACA RM A53G31 



21 

d 

-3 

-2 

- /  

0 

-3 

-2 

- /  

0 

-4 

-3 

-2 

- /  I 
Y 

I 1 
634408; h/t ,  0.333 

0 

.9 1.0 1. / .6 .7 .8 
Mach number, M 

Figure 4.-Tbe variation of  tbe ong/e of attack for zero lift with 



22 NACA RM A53G31 

-3 

-2 

- f  

0 

-3 

-2 

-1 

0 

I Two-dimensionof-’ 
f low theory 

I 
I 

1 -0.5 I /  

6 3 A 2 0 6  
a A, 4 
h 3  
B 2  
0 1.5 
O f  

6 3 A  204 
D A, 4 
P 3  
D 2  
D /.5 
O f  

6 3 A 4 0 8  
v A, 4 
a 2  

- o f  

6 3 A 4 0 6  
Q A , 4  
A 3  
a 2  
a L 5  
O f  

0 f 2 
A (t/~j‘/~ 

Figure 5.-Correlation of the generalized angle of attack for zero lift. 

-4 

-3 Y 
4 
0 
b 
0 -2 
L. 

.. 

.“I$ - f  

0 
-4 -3 -2 -f 0 

MZ-/ 
(f/c)Z/J 

Figure 6.-Gross plof of the fa i red curves for the generalized angle of attack at 
zero lift for NACA 63AXXX ai r fo i ls  wi th  a = O . 8  mean l ine. . 





24 

0 / 2 0 / 2 
A l t / ~ j " ~  

/a) && , -4, -3, and -2 

Figure 8.- Corre/ation of the genera/ized / i f / - c u r v e  dope.  



NACA RM A53G31 

0 

3 
C $ 
P 
$ 2  

0 

3 

2 

/ 

0 
0 / 2 0 / 2 

0 I 2 0 / 2 
A t t M '  

Mt+ -15, -/, ond -0.5 tt/c/"s' 
Figure 8.- Continued. 

25 

, -15 

,-0.5 



26 NACA RM A33G31 

3 

2 

0 

3 
E $ 
e 

0 
0 

h/ t ,  0.333 h/t ,  0.444 

/ 2 0 / 
0 / 2 

A/t/c)"' 

(c) (- I w P - /  , 0,O.q and / 

Figure 8.- Conduded. 

/ 2 

. 



27 

h, . 



28 NACA RM A53G31 

.5 

41 .4 
0’ 
.3 

.2 

.I 

0 

.4 

.3 

.2 

.I 

0 

0 .04 .08 . f2 . f 6  Drag coefficient, Go 
I I I I I I I  I I I I  

G o o f 7  7 0 0 7 7 0 I I  7 7 7 7 I 1  
for M of 0.6 .7 .75 .8 .85 .9 .94 .98 102 LO6 LO8 110 

/a) NAGA 6 3 A 2 0 6  section. 

coefficient. 
Figure /O.- The variation of  drag coefficient witb the square of tbe / i f f  



NACA RM A33G31 

.5 

.4 

.3 
3 

.2 

./ 

0 

.4 

.3 

.P 

./ 

0 
0 .04 .08 . JP ./6 Drog coefficient, CD 
I 

I I I I I  
CD of 0 

for Af Of 0.6 .I .75 .8 .85 .9 .94 .98 LOP LO6 LO8 L/O 

NACA 63A204 section. 
Figure 10.- Continued. 



30 

.6 

.5 

.4 

.3 

.2 

.I 

0 

3 

.5 

.4 

.3 

.2 

.I 

0 
0 .04 .08 . /P ./6 Drag coefficient, CD 

for M of 0:s .7 .75 .8 .85 .9 .94 .98 LO2 LO6 LO8 LjO 

fc) NACA 63A408 section. 
Figure 10.- Continued. 



NACA RM 

.5 
- 

.4 

.3 

e 

. 

.2 

./ 

0 

.5 

.4 

.3 
3 

.2 

./ 

0 

0 .04 .OB .I2 ./6 Drag coefficient, C, 
I l l  1 1 1 1 1 1 1 1 1  

I 
c, of 0 4 0 0 4 f 7 y f O y 4  I I  

for M of 0.6 .? .75 .8 .85 .9 .94 .98 LOP LO6 LO8 L/O 

/d/ NACA 63A406 section. 
Figure 10.- Concluded 



32 

h 
9 

b 
9 

Ir, 
9 

w 
9 

k, 
9 

nl 
9 5 



5Q 
33 

. 

.04 

.03 

8 

3.02 
g 
9 

.o/ 

0 . 
0 .o/ .02 

Comber ratio, h/c 
.03 

Figure 12.- The variation of the subcritica/-intercept-drag coefficient, 
Goiat at 0.70 Mach number, with comber-to-chord ratio.  



34 NACA RM A 5 3 G 3 1  

- 
0 / 

I 

A(~/c)“~ 
Figure /3.- Corre/ofion of fhe genero/ized intercept pressure-drag coefficient. 



NACA RM A53G31 35 

I I I I 

\ 

I 



L? \ k, 'L 



0 



m 

Ir, < Q v !  4: 0 



NACA RM A53G31 
39 

D 

0 . 

I 

I 
I 

are 

R1o 

4 



40 
NACA RM A53G31 

2 -  
5 
ci 
?- c 

0 

c Tn 
0 
% 

0 

8-  r\l 

ci 
?- c 

0 
\' 

\ 
I 

Ql 
I 

5 
I 

\ 
I 

Ql 
I 

h, 
I 



NACA RM A53G31 

-. /2 

-.OB 

-.04 

0 

L 

c 

-. /2 
? 

% 
C 

$ 0  P 
h -.20 .z 
3 
4 

-./6 

I I I I I I I I I I 
I I I I I 1 I I I 1 

-./2 

-.OB 

-.OB 

0 
.6 .I .8 -9 /. 0 I. / 

Mach number, M 
Figure /8.- The voriofion of pitching-moment coeff ic ient  

for zero / i f f  wi th  Mach number. 

41 



42 NACA RM A' j3G31 

-3 

-2 

6 3 A 2 0 6  
A A , 4  
h 3  
n 2  

0 0 /.5 

- I  

6 3 A 2 0 4  
D A , 4  
v 3  
B 2  
D i.5 
o i  
6 3 A 4 0 8  
V A, 4 
u 2  
o i  

" 
0 f 2 0 / 2 

Figure 

-4 

-3 * 
-2 

- f  

0 

6 3 A 4 0 6  
4 A , 4  
Q 3  
a 2  
Q i.5 
O I  

0 I 2 
A ( / / C ~ ' ' ~  

19.- Correlation o f  the generalized pitching-moment coeff icient for zero 
angle o f  attack. 

-4 -3 -2 - f  0 f 2 

Figure 20.-Cross plot o f  the faired cur yes for the generalized pitching - moment 
Coefficient a t  zero angle of attack fo r  NACA 63AXXX a i r fo i l s  with 0=0.8 
mean line. . 



NACA RM A53G31 43 

-3 

-2 

-/ 

0 

6 3 A 2 0 6  
A A, 4 
h 3  
B 2  
a 1.5 
0 1  
6 3 A 2 0 4  
b A, 4 
v 3  
v 2  
D f.5 
0 1  
6 3 A 4 0 8  
V A, 4 
B 2  
0 1  

6 3 A 4 0 6  
4 4 4  
A 3  
a 2  

0 1  

-3 

-2 Q f . 5  

/ -/ I / 1 1 

O /  1 

/ 
I 

t 

/ / 
/ ve l -  / / 0.5 I I fT W-I / ’ O / 

0 / 2 0 / 2 
0 / 2 

A f f / C P  
c 

Figure 21 .- Correlation of the generalized pitching-momen f coefficient for zero lift. 

-4 -3 -2 - I  0 / 2 - MP-I 
f?/C)*3 

Figure 22.-Cross plot of the faired curves for the generalized pitching- moment 
coefficient of zero lift for NACA 63AXXX airfoils with a = 0.8 mean line. 



44 



NACA RM A53G31 

' e  

. 
h/t /Re% 0 2) h/t, 0.222 h/t, 0.333 h/t ,  0.444 

.3 I I I I I I 

.3 

.2 
hie-/ ,-3 

./ ( t / C F  

& O 
.3 

.2 
A!%,+ 

./ O / C F  

0 

.3 

.2 

./ 

0 

-. / 
.3 

.2 

./ 

0 

-. / 

Ma:. ,-L5 
(t/Cj 

0 2 
0 / 2 0 / 

0 / 2 
A(th)vs 

(4) (-3' Ai'-' - 4, -3, -2, -15, and -/ 

Figure 24.- Corre/ation of pitching-moment-curve dope.  ,& = 0. 



46 

h/f 0 h/tl 0.222 h A ,  0.333 h/fl 0.444 
/Re? 21 .3 

.2 

./ 

0 

-. / 

-. 2 
.3 

.2 

./ 

-.2 

-. 3 

,0.5 



NACA RM A'j3G31 
I 

47 

9 r\! 0 7 3 



48 

0 



NACA RM A53G31 49 I 



NACA RM A 5 3 G 3 1  

'c! 9: h! \ 0 



0 



52 

0 

II 

'c, s "? pu > 

c 

\ 
I 

Y 

? 

P 

. 



NACA RM A53G31 53 

. 



54 

9 Q Ir, 9 Q Ir, 

0, 

0, 

. 

. 



NACA RM A53G31 55 

31 I I 

I i  
I !  

P P P P P  

I 
P 

1 

I 
i 

P 



.2" 
10 

h 

$ 5  

0 .5 I. 0 L 5  0 .5 LO I. 5 
I, wry 

Comber -to - thickness ratio, 

Figure 28.- The variafion of maximum / i f f -drag ratio wifh camber-fo- fhickness ratio 
af M = / .  



NACA RM A33G31 3Q 57 

9 '9 s 6! 0 ' 9  s 0 ' 9  s 9 9 0 

NACA-L;nglW - 9-28-53 -325 


